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ABSTRACT 
Hurricanes have long been powerful and recurring disturbances in many coastal 
forest ecosystems. Intense hurricanes often produce a large amount of dead fuels within 
their affected forests, but how post-hurricane fuel complex changes with time, due to 
decomposition and management such as salvage, and the fire behavior affected by the 
changed fuel load remains largely unknown. To better understand the fuel and 
regeneration dynamics, field measurement and modeling were conducted within 
undamaged stands and hurricane damaged stands, including salvaged and unsalvaged 
stands in southern pine forests impacted by hurricane Hugo (1989), Opal (1995), Katrina 
(2005), and Ike (2008). We found that elevated fuel loads of all size classes in damaged 
stands diminished over time, with smaller size classes diminished faster. Although down 
woody materials decreased over time, litter and duff depth kept relatively stable due to 
prescribed burning.  The higher fuel loads in all size classes for hurricane Hugo were 
caused by the absence of prescribed burning, suggesting that prescribed burning, 
especially when combined with salvage, can greatly reduce the potential fire hazard after 
hurricane. Although regeneration of local climax species respond positively to the 
hurricane impacts, prescribed fire had a stronger influence on regeneration pattern than 
hurricane did. BehavePlus predicted more intense fire behavior in damaged stands, but 
the intensity decreased over years. Mitigation in hurricane damaged longleaf pine stands 
greatly reduced fuel loads thus fire hazards, but did not impact the regeneration of 
longleaf pine. 
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CHAPTER ONE 
INTRODUCTION 
For millions of years, hurricanes have been an important component of the coastal 
forest ecosystems (Lugo and Applefield 1983; L. Walker 1991). There are multiple 
effects of hurricanes on forests (Brokaw and Walker 1991; Conner and Day 1989), which 
shape the forest structure and composition. The majority of hurricanes usually bring 
abundant precipitation without making severe impacts to coastal areas.  The rich rainfall 
often brings in large increases of sediment and nutrient inputs into coastal estuaries, 
leading to both short-term and long-term increases in productivity. Also, these sediments 
help create new wetlands and contribute to the maintenance of existing wetlands. 
However, catastrophic hurricanes can bring powerful gusts, causing devastating impacts 
on coastal forest ecosystems. Ball et al. (1967) provided evidence that that there were 
approximately 160,000 to 320,000 hurricanes had affected the Florida Keys in the last 2 
million year. Historical record reported that there were 49 hurricanes causing 25 or 
greater deaths had made landfall between Texas and Virginia from 1851 to 2010 (Blake 
et al. 2011). Hurricane activity has increased for the past decade, and is believed to 
persist for several decades in the future (Goldenberg et al. 2001).  
There are numerous studies on the impacts of catastrophic hurricanes on coastal 
forests.  In 1989, Hurricane Hugo impacted 1.8 million ha of forest. In the 2.6 million ha 
of the surveyed timberland in 23 counties of South Carolina, 1.8 million acres had 
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suffered significant storm damage (Hook et al. 1991; Pittman et al. 1996). In 2005, 
Hurricane Katrina damaged 60% of the total forested land in the Lower Pearl River 
Valley of Mississippi (Wang and Xu 2009). It also caused heavy damage to 56,800 acres 
of forests in De Soto National Forest (DSNF). 
The recovery after hurricane damaged forests is influenced by a lot of factors 
(Everham and Brokaw 1996). In the southeast, periodic prescribed fire is one of the 
important tools to manage coastal pine forests. However, there are few studies concerned 
about stand recovery after hurricanes and burning. Smith et al. (1997) illustrated that, in 
loblolly pine (Pinus taeda) plantation, catastrophic hurricane disturbance and burning 
were unfavorable for pine regeneration. However, there is no study focusing on post-
hurricane successional pattern of longleaf pine (Pinus palustris) stands, which are 
favored by periodic burning. 
Hurricanes not only directly impact trees, but also alter the fuel complex of forests 
and thus wildland fire behaviors. Hurricanes create various degrees of damage to trees, 
producing large amount of down woody debris. Moreover, the opened stand canopy 
created by hurricanes will accelerate local air-flow and expose the down woody debris to 
the sun. The increased mid-flame windspeed and dried fuel make the stands susceptible 
to fires with extreme behaviors. As a result, it has been hypothesized that the probability 
of a major wildfire increases significantly after a severe hurricane (Myers and Van Lear 
1998). This hypothesis, also known as hypothesis of hurricane-fire interactions, has not 
been supported by recent data (i.e., the lack of a major fire outbreak after a recent 
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hurricane strike) likely because of active fire suppression and post-hurricane mitigation 
efforts. In a recent study, Liu et al. (2007) found that major fires tended to occur within 
years or a few decades after a catastrophic hurricane based on a 1200-year proxy record 
of hurricanes and fires, suggesting that the elevated fire hazard after a catastrophic 
hurricane could last for a few decades. 
After Hurricane Katrina, several mitigation treatments (including salvage of 
downed timber (or 1000-hour fuel), mechanical treatments, and prescribed burning) have 
been applied in the Desoto National Forest (Bryant and Boykins 2007). However, 
currently there is no study aiming at characterizing the fuel complex in hurricane 
damaged stands with or without subsequent mitigation treatments. More importantly, we 
know practically nothing about how different mitigation treatments affect post-hurricane 
forest regeneration. 
Although prescribed fire is much more cost-effective in reducing post-hurricane 
fuel loading (thus the risk of intense and/or severe wildfire), most managers are reluctant to 
use prescribed fire because of the lack of knowledge of fire behavior. A few studies have 
been conducted to quantify fuel characteristics of hurricane damaged stands (Cooke et al. 
2007; Wade 1993), but how post-hurricane fuel complex changes with time, due to 
decomposition and vegetation re-growth, remains largely unknown. The main objective of 
the study was to understand fuel dynamics and regeneration after hurricane impact. 
Specifically, the study was designed to (1) provide baseline quantification of live and dead 
fuels and regenerations in post-hurricane stands damaged at different years, (2) compare 
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fuel dynamics and regeneration of less damaged stands with those of severely damaged 
stands, (3) characterize fuel dynamics along a chronosequence, (4) compare regeneration in 
stands with mitigations and without mitigations, and (5) model predicted fire behavior by 
using measured fuel data to understand the consequences of these fuel changes. 
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CHAPTER TWO 
LITERATURE REVIEW 
This literature review has two objectives: (1) the influence of hurricanes on fuel 
loading, forest succession and fire behavior in pine-dominated forest ecosystems within 
the Coastal Plains region of the southeast United States and (2) fire behavior modeling 
using BehavePlus. 
 
Hurricane Impact on Southern Pine Forests 
Hurricanes are one of the important natural disturbances in the southeastern 
United States. From 1851 to 2010 along the coastal line of the Southeast there were 46 
hurricanes that were associated with up to 25 deaths (Blake et al. 2011). Oliver (1996) 
recorded 20 major hurricanes from 1900 to 1990. Historically there were approximately 
more than 120 hurricanes have made landfall between Texas and Virginia in the past 
century. The recurrence and destructive power of hurricanes can have a great impact on 
the coastal forests along the Atlantic and Gulf coastlines.  
The level of the hurricane damage varies by the strength of a hurricane. A 
moderate hurricane would only cause minor damage to forest, but an intense hurricane 
can cause catastrophic damage. Upon its arrival, hurricane causes various levels of instant 
damages, including bend, limbs breakage, defoliation, bole breakage and uprooting 
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(Gresham et al. 1991). Wind damage could be categorized into three major types: stem 
damage, branch damage and canopy damage (Everham and Brokaw 1996). 
Several catastrophic hurricanes in recent history have caused significant damage 
to southern forests, including Hugo, Opal, Katrina, and Ike. Hurricane Hugo, which 
passed over South Carolina on September 21th, 1989, had devastated forests in South 
Carolina (Hook et al. 1991). The center of the hurricane eye passed within 8 km west to 
the 101,000 ha Francis Marion National Forest (FMNF). About 1.8 million ha of forests 
were impacted. Stand volume dropped from 178 m³/ha to less than 24 m³/ha in Santee 
Experimental Forest.  
Hurricane Opal hit land on October 4, 1995. The storm traveled approximately 
500 miles inland. And it was estimated to have damaged more than 250,000 trees in the 
Conecuh National Forest (CNF), causing over $24 million timber loss (Conecuh County 
Mitigation Plan 2009). 
Hurricane Katrina hit land on August 25, 2005. Hurricane Katrina, created vast 
damage to the wetland forest ecosystem, was considered one of the worst civil 
engineering disasters in U.S. history. In Desoto National Forest (DSNF), 142,000 acres of 
stands suffered heavy damage, 108,000 acres of stands received moderate damage, and 
132,000 acres of stands had light damage (Meeker et al. 2006). The majority of affected 
stands were pine-dominated stands. Only 18% were pine-hardwood mixed stands or 
hardwood stands. In heavily damaged stands, severe tree damage (all vital damage 
including snapped, wind-thrown, vertically and/or horizontally root sprung, 
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bent>30°and/or broken-topped) ranged from 30% to 83% of the trees per acre (TPA) or 
from 15% to 98% of the basal area per acre (BA). In moderately damaged stands, there 
was no undamaged tree though 18% TPA and 26% BA of the stands were severely 
damaged. In lightly damaged stands, damaged trees accounted for 6-30% TPA and 5-42% 
BA, regardless of the severities of damages. 
Hurricane Ike hit land on September 13, 2008. In total, Hurricane Ike caused 289 
million cubic feet of timber damage, estimated at $167 million. In Sam Houston National 
Forest (SHNF), most of the forest received light damage (10-30 percent of the existing 
trees within an area were uprooted, broken off, or root-sprung). Aerial detection 
identified 1,630 acres as receiving moderate (30-60 percent of the existing trees within an 
area were uprooted, broken off, or root-sprung) damage and 500 acres received severe 
(greater than 60 percent of the existing trees within an area were uprooted, broken off, or 
root-sprung) damage.    
In addition to strong winds, hurricanes may also cause other damages. In coastal 
areas, salt-water intrusion can contribute to timber mortality. In Hobcaw Forest, 
Georgetown, SC, Hurricane Hugo caused approximately 41,045 m³ of timber losses due 
to wind and 38,850 m³ of timber losses due to salt water inundation (Hook et al. 1991). 
Besides the immediate mortality it brought, inundation would also impact later forest 
recovery, causing difficulty in regeneration (Conner et al.  1997). Slow moving storms 
often bring excessive rainfall, causing flooding issue particularly in poorly drained 
upland habitats. 
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Hurricane damage varies among species (Duever and McCollom 1993). Tree size 
was reported having a positive correlation with wind damage (Nix et al. 1996). Thus 
powerful hurricanes can lead to structural rearrangement of forests. 
Hurricane can inflict immediate damage upon arrival; however, delayed forest 
mortality is also important. Unlike uprooting or stem breakage, bend or branch breakage 
would not cause immediate death to trees. However,  in the following recovery stage, 
fungal infection due to bend or branch breakage would cause delayed mortality (Everham 
and Brokaw 1996).  
 
Fire in Southern Forests 
Generally, fire can be divided into three categories: surface fire, ground fire and 
crown fire (Stanturf et al. 2002). Surface fire burns are when upper litter layer is burnt. It 
usually moves quickly through an area and does not consume entire fuel loads. Higher 
moisture in the organic horizons can protects humus layer from ignition. Soil and soil-
inhabiting organisms will also be protected from heat. Surface fires are not strong enough 
to injure large tree, though they may kill small trees and shrubs (Stanturf et al. 2002). 
When the humus is too dry, ground fire will happen and consume all or most of the 
organic horizons, exposing the mineral soil (Stanturf et al. 2002). Crown fires happen 
when stand structure, weather and ladder fuels allow surface fires and ground fires to 
ignite tree crowns and spread to other crowns (Stanturf and Wade 2002). Southeastern 
pine forests, especially pine stands, are usually burned with low intensity surface fire.  
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For millions of years, fire has been a part of most terrestrial ecosystems. Prior to 
the settlement of Native Americans, the major cause of wildfires were lightning strikes. 
In the Southeast, before human activities, fire mainly happened during the May to August 
(Knapp et al. 2010). In coastal areas, natural fires happened frequently. Those fires had 
low intensity so they could help to reduce fuel accumulation but would not develop into 
severe crown fire.  
The expansion of human civilization on the North American continent provided 
additional sources of ignition and further extended fire season (Myers and van Lear 1998). 
Historically, North America experienced five stages of fire history since the arrival of 
Native Americans (Phillips et al. 2012). Native Americans often used fire to minimize 
fuels as well as prevent wildfires, clean stands to enhance wildlife population for hunting, 
and to enhance underground plants for gathering (Williams 1992).  
Native Americans used fire carefully. Grassy savanna hunting areas were burned 
for visibility and foraging every 7 to 10 years (Pyne 1997). European settlers kept a wide 
use of fire since their arrival. Since the settlement of Europeans, with their tradition of 
herding, they kept burning to maintain open forests and to develop grazing and hunting 
(Van Lear et al. 2005). However, probably after civil war, extensive deforestation, 
farming and the invasion of management from Northern plantation impaired traditional 
Southern burning.  Fire suppression began in 1900. During this era, quantities of area 
burnt were dramatically reduced.  
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Longleaf pine ecosystems were altered during the fire exclusion era (Van Lear et 
al. 2005). Historical fire regime was characterized with frequent and low intensity 
understory fires (Brown et al. 2000). Fire exclusion brought longer intervals between 
fires. Longer intervals created time for fuel accumulation in the stands, causing fires with 
higher intensity afterward. As a result, historical fire regime was replaced by a regime 
with fires of mixed severity. Because of prolonged  fire suppression, higher mortality was 
reported in the overstory layer of coastal pine forests due to wildfire (Outcalt and Wade 
2004). When prescribed fire was conducted in areas with fire has been prevented for a 
long time, longleaf pine was damaged by smolder in the accumulated forest floor around 
their bases (Varner et al. 1999). 
Although people accepted the fire exclusion policy, fire, as a useful tool in 
agriculture and forestry, had taken root into the tradition of Southern population. To 
reduce the risk of wild fire, prescribed burning was widely used after World War II. In 
addition, prescribed fire was commonly used in the South by the managers to achieve a 
variety of goals in forest management, mainly in improve wildlife habitat. For example, 
prescribed fires are required for the management of longleaf pine and bobwhite quail 
(Wade et al. 2000).  
Fire behavior is determined by weather, fuel and topography (Rothermel 1983). 
Weather affects wind speed, wind direction, and fuel moisture. Fuel, especially fine 
particles, provides the most energy for combustion. Slope can affect the rate and direction 
of fire spread, acting as wind direction. Because many factors influence fire behavior, 
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behavior varies greatly from site to site. In coastal pine forest, most areas are uniform in 
topography and vegetation. Overall, the forests in the southeast are subjected by the 
climate of long, hot growing season, rich precipitation with occasional droughts and the 
most frequent wind and lightning (Komarek 1963).  
Southeastern coastal pine forests are known to support a surface  fire regime of 
low intensity and high frequency (Brown et al. 2000). However, with human activities, 
the fire regime is transforming. The extensive deforestation caused a 97% loss in area of 
historical longleaf pine stand (Frost 1993). Some of the cut-over areas are converted to 
farmland or other uses. The rest are replanted with fast growing pine species, such as 
loblolly pine and slash pine. Their prosperities attribute to both fire exclusion era and 
market demand (Baker and Langdon 1990). With the change of overstory, the understory 
plant communities changed from bunchgrasses, which are well adapted to chronic fire, to 
plant communities associated with lower fire frequency (Brown et al. 2000). However, 
prescribed fire is used on area of 2.4 million hectares per year (Brown et al. 2000), 
mostly in pine stands, which may have partially slowed the change of fire regime. 
Hurricanes can create large amount of fuel in a short time by causing all levels of 
damage to forest (Gresham et al. 1991). There are only a few studies focusing on the 
abrupt change in fuel after hurricane (Marsinko et al. 1996; Cooke et al. 2007). And this 
topic requires further investigation. Moreover, there is no study on the long-term fuel 
dynamic after hurricane. Forest fuels created by hurricane will feed back to fire behavior, 
which will have significant implication to fire regime. 
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Fire Ecology of Major Tree Species in Coastal Pine Forest 
Longleaf pine is classified as fire-resistant (McCune and Bruce 1988). It is highly 
adapted to a high-frequency, low-severity fire regime. Fire can prepare a suitable seedbed 
for germination. Before the height growth of longleaf pine, the grass stage of 
regeneration can protect seedling from fire mortality. Moreover, after years of grass stage, 
they grow to great heights and thick bark rapidly to protect apical meristem and cambium 
from burning. Frequent fire can also reduce competition from other vegetation on 
longleaf pine seedlings (Phillips et al. 2012). 
Compared to longleaf pine, loblolly pine is less fire-resistant, especially for 
seedlings and saplings. Trees prior to 10 years may be adversely affected by low-severity 
fire which can cause severe damage (Wahlenberg 1960). Single prescribed fire can kill all 
loblolly pine seedlings of ground line diameter less than 3.8 cm (Wade 1993). However, 
fire have been proved to be beneficial to site preparation for loblolly pine regeneration 
(Brender and Cooper 1968). Periodic fire is an important factor for the establishment of 
pine-grassland communities, or savannahs (Waldrop et al. 1992).  
Oaks have a great ability to survive surface fires among hardwoods. High-severity 
fires are very rare in oak dominated forests. However, oaks need fire to eradicate 
competitive hardwood species. In southeastern coastal forest, fire provides an opportunity 
for establishment of more fire-resistant oak. For example, white oak (Quercus alba) is 
considered fire resistant. In the southeast, white oak regeneration ceased with the fire 
suppression (Van Lear and Waldrop 1988). Meanwhile, mesophytic hardwoods such as 
13 
 
 
 
sweet gum (Liquidambar styraciflua) and red maple (Acer rubrum) invaded the territories 
that were historically dominated by oaks. Dominance of black oak requires that recurring 
canopy thinning, mostly achieved by fire (Henderson and Long 1984). All of the species, 
regardless of their resistance to fire, have strong ability to sprout back after being top-
killed by fire. This characteristic helps oak species maintain their community.  
Mesophytic species are a group of hardwood species intolerant of fire, and many 
studies have reported the increase of mesophytic species in the eastern forests at the 
expense of pines and oaks because of the fire exclusion policy (Nowacki and  Abrams 
2008). This shift in forest composition is likely feedback to fire, reducing the 
flammability of the forest. 
Fire influence plays an important role in the life history local flora. However, long 
term effects from hurricane damage on fire management and species regeneration 
remains unknown.  
 
Hurricane and Fire Interaction  
Disturbance is an inalienable component of any ecosystems. Disturbances can 
include biotic influences (i.e. pests or disease), or abiotic ones (i.e. fire or hurricane). 
Moreover, a disturbance could be singular or a collaboration of several factors (e.g., the 
sudden increase of fuel after hurricane will boost fire afterward). Disturbances can and 
will interact with each other (Turner 2010). There is already a growing body of literature 
exploring and studying the consequences of individual disturbance. However, by far the 
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combination of disturbances is considered as complicated and poorly understood. Only a 
few studies focused on the interaction of disturbances between fires and hurricanes 
(Myers and Van Lear 1998; Liu et al. 2008).  
A prior disturbance can set a strong predetermination, and then profoundly 
influences the subsequent disturbance (Turner 2010). In the forest, fire behavior would be 
influenced by the damage brought by hurricanes. The destruction created by Hurricane 
Hugo had brought dramatic increase of dead-fuel loading (Wade et al. 1993). 
Additionally, disappearance of canopy provided more sunlight, which might accelerate 
the drying of understory and forest floor fuels, thus increasing the flammability (Alencar 
et al. 2006). The change of understory further aggravated the fire situation in hurricane 
damaged forests. Compared to lightly damaged stands, which on average only had 14.69 
tons per acre of fuel, heavily damaged stands had 31.49 tons per acre of fuel on average 
(Wade et al. 1993).  Although there was no data recorded about pre-Hugo fuel loads, in 
heavily damaged stands, prescribed fire had consumed 78.67% of the fuel weight after 
the hurricane. Katrina is the other hurricane known for its significant damage, including 
increasing the fuel load. In the assessment of pre- and post-Katrina fuel dynamics, the 
area with very high fire hazard had increased from 3% to 13% (Cooke et al. 2007).  
However, fire regime can in turn act as a prior disturbance that strongly influence 
hurricane as the subsequent disturbance (Platt et al. 2002). Comparing with sites burned 
with wildfire in wet season, pine savannas burned with prescribed fire or wildfire in dry 
season caused higher mortality. Burning frequency and season can dramatically change 
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the forest structure and composition. Forest structural change will influence the forest 
susceptibility to hurricane.  
To obtain relatively complete understanding of fire-hurricane disturbance is a 
long process. It has been recorded that specific ecosystems were shaped by the hurricane-
fire disturbance combination (Baur 1957). The widespread forests and non-forest 
community types such as pine forests, savannas, prairies in descriptions of European 
exploration and settlement makes it reasonable that hurricane-fire disturbance might 
contribute to the formation of landscape in the Southeast. (Williams 1992). However, the 
interaction between hurricane and fire was not revealed until Webb (1958) mentioned 
that even on fire-free mesic sites, weather of drought, high temperature and wind 
following cyclonic damage will still increase the fire risk in Australia. Also, increased 
woody fuels such as fallen branches and suspended dead vines are desired media for 
adjacent fire to invade.  Gill (1990) thought that extreme cyclone (hurricane) will open 
forest canopy. The exposure not only desiccates the community but also allows the 
establishment of grass. Dead down woody material and live fuel from grass altogether 
make up an unusual heavy fuel load. Whigham et al. (1991) demonstrated that fire after 
hurricane could make even stronger damage to forests than hurricane alone. Recently, it 
is discovered that major fires tended to occur within years or a few decades after a 
catastrophic hurricane based on a 1200-year proxy record of hurricanes and fires, 
suggesting that the elevated fire hazard after a catastrophic hurricane could last for a few 
decades (Liu et al. 2008). 
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The sea-surface temperature has multidecadal fluctuation. Interestingly, there is a 
positive correlation between the sea-surface temperature and the frequency of hurricane 
activity (Gray 1990). As the progress of global warming, increased hurricane activity has 
been reported for the past decade, and is believed to persist for several decades to come 
(Goldenberg et al. 2001). The increasing hurricane activity and anthropogenic fire regime 
may make the fire-hurricane interaction more complicated. To have a better management 
of the coastal pine forest, there is a strong requirement for better understanding of the 
hurricane-fire interaction.  
 
Hurricane Altered Fuels on Potential Fire Behavior and Effects 
The down dead fuels as the result of a hurricane substantially influence fire 
behavior and fire effects. Fuels are usually defined as the physical properties (i.e. loading, 
depth, height, and bulk density) of both live and dead biomass that can be consumed by 
wildfire (Davis 1959; Riccardi et al. 2007). Smaller pieces of downed woody debris 
(DWD), or fine fuels (i.e. 1-, 10-, and 100-hour fuels), have the most influence over fire 
behavior because they have a large surface area compared to their low volume, thereby 
drying out and reaching ignition temperature more rapidly than larger fuels. Alternatively, 
coarse woody debris (CWD) (i.e. 1,000-hour fuels) are usually associated with fire 
effects (i.e., soil heating, emissions from combustion, etc.) because they generally burns 
longer in both the flaming and smoldering phases of combustion (Lutes and Keane 2006). 
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Devastating hurricanes can bring all level of damage, such as bending, breaking 
limbs , defoliation, and uprooting (Gresham et al. 1991). Because of that, hurricanes can 
create large amount of fuel in all fuel classes. Bryant and Boykin (2007) found that 1-, 
10-, 100- and 1,000-hr fuels were dramatically increased in hurricane-impacted area. The 
term “jack-strawed” could be used to describe the fuel complex.  
Extensive defoliation is one type of severe damage that catastrophic hurricane can 
bring (Cooke et al. 2007). Loss of vegetative sheltering allows for stronger solar heating 
and drier fuels, and increased midflame wind speeds (Page and Jenkins 2007).  
With the increase of fine fuels and wind, fire intensity will increase as a result, 
even under moderate fire weather conditions (Page and Jenkins 2007). Fire intensity, as 
the rate of heat release from fire, is determined by observations of flame length and can 
be used to predict the effect of fire on fuels in and above the flame (Rothermel and 
Deeming 1980). Usually, the fire intensity does not correlate with changes in the depth of 
litter and fine woody materials on the forest floor (Rothermel 1983). Rather, fire intensity 
is usually dependent  on weather and fuel moisture. Glitzenstein et al. (2006) found that 
with chipped treatment, the increasing un fine fuel did not necessarily lead to higher fire 
intensity.  
Fire occurrence depends on successful ignition, which is mainly decided by fuel 
moisture content. Most studies concerning this relationship focused on western pine 
forests (Ottmar et al. 1990; Collins, Rhoades, Battaglia, and Hubbard, 2012; Harrington 
and Sackett, 1990; Knapp et al. 2005). Upon the arrival of a hurricane, abundant 
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precipitation would lower the probability of ignition, even with the large amount of fuel 
load. However, after the hurricane, the extent to which fuel will be cured depends on 
local weather conditions. In the southeastern pine forests, only one study focusing on the 
change in moisture content in the forest floor (Ferguson et al. 2002).  
 
Decomposition Following Hurricane 
The two components of surface fuels, fine fuel and coarse fuel, are produced and 
decomposed differently. The amount of fine fuel is mainly decided by species 
composition and age. The producing procedure is considered as builds up to the peak and 
then decreases with stand age (He et al.  2004). Meanwhile the amount of coarse fuel is 
mainly decided by stand age and disturbance history. Empirically, in the absence of 
disturbance, the amount of coarse fuel will keep increase, until it reaches a level where 
the speed of decomposition and accumulation are in equillibrium (Sturtevant and 
Bissonette 1997; Hély et a. 2000). The rates of decomposition vary by land types (Agee 
and Huff 1987). Fire influences on fine and coarse fuels differently.  Fires can remove all 
fine fuels. Different fire severity will reduce the coarse fuel differently, but it is unlikely 
that fire can consume all coarse fuel (Lang 1985). Hurricanes, as drastic disturbances, 
could increase the complexity of predicting decomposition. Coarse fuels, such as boles or 
limbs may not be consumed in a single fire, while fine fuels, such as twigs or leafs can be. 
However, in the long process of decomposition, boles and limbs will break into chips, 
which may contribute to fire behavior as an important source of fine fuels. 
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Because it often requires decades to observe the process of decomposition, it is 
impossible to actually measure decomposition in short-term studies. As a result, 
decomposition modeling is widely used, and most modeling studies are conducted in 
northern region. In the south, Radtke et al. (2009) studied theimpacts of forest 
management on CWD in loblolly pine forests. It shows that CWD will decompose 
completely after 25 years. Factors attributing the prediction of CWD are dry weight of 
CWD, the ratio of standing to downed woody debris based on the time since death, DBH 
and tree height at the time of death of tree and geographic latitude and longitude. 
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Hurricane and Regeneration 
After catastrophic wind damage, forest recovery follows one of three paths: 
regrowth, recruitment, or release (Everham and Brokaw 1996). The path of recovery of a 
given site is greatly determined by both the severity of the disturbance and by the 
environmental dynamics of resources. Severe hurricane damage will create gaps in the 
canopy, which will provide light and space for new regeneration and other understory 
vegetation. These gaps favor shade intolerant species such as pines and pioneer 
hardwoods. Many studies have reported that gaps resulting from hurricanes have the 
appropriate gap size for the growth of longleaf pine and loblolly pine seedlings (Brender 
and Loftus 1969; Brockway and Outcalt 1998; McGuire et al. 2001).  
Soil nutrition could be another important factor to influence the consequence of 
competition among species. In general, severe hurricane will bring considerable mortality 
to a forest. However, this incident may accelerate the nutrition cycling in local 
ecosystems. After hurricane, richer nutrient concentrations from the decomposition of 
dead tissues may be an important factor  for successful regeneration (Whigham et al. 
1991). 
Response of tree populations  to hurricane disturbances can be categorized into 
four syndromes: resilient, usurper, resistant and susceptible (Batista and Platt 2003). 
Resilient syndrome species have low resistance to hurricane damage, but have high 
responsiveness following hurricane. Usurper syndrome species have high resistance to 
hurricane damage and high responsiveness following the damage. Resistant syndrome 
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species have high resistance to hurricane damage but low responsiveness following the 
damage. Susceptible syndrome species have low resistance and low responsiveness. 
These four syndromes can occur in the same forest (Bellingham et al. 1995). The 
response syndrome of a specific species may be determined by several factors, including 
the structure of tree population, the composition of the stand at the time of the 
disturbance, the characteristics of each hurricane, and intrinsic traits of each species 
(Batista and Platt 2003). It is suggested that resilient and usurper syndromes depend on 
periodic hurricane disturbances. Also, susceptible syndrome may be altered to resilient 
syndrome by recurring hurricane events. Resistant syndrome, however,  is suggested to 
be independent of a hurricane event. 
The theory of four syndromes makes it convincing that plant communities in 
hurricane-prone region can achieve perpetuation. All syndromes except the susceptible 
syndrome can provide both responsiveness and resistance for species in the community to 
survive and regenerate through recurring hurricane disturbances. Actually, some evidence 
supported this idea (Boucher 1990; Stoneburner 1978; Whigham et al. 1991).   
It is widely accepted that after a major disturbance, one or a few successional 
species would dominate the area first and then be replaced by other species after the 
environment was altered (Oliver 1996). However, in some tropical forests with a high 
frequency of hurricane disturbance, regeneration does not follow the general routine. 
After Hurricane Joan’s disturbance, it was illustrated that rather than the secondary 
successional pioneers, climax species dominated regeneration (Boucher 1990). Even 
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though it was reported that abundant regeneration of pioneer species occurred after 
Hurricane Hugo, there is no evidence that changes in species composition would happen 
in the long term ( Walker, 1991). 
In addition to the hurricane itself, other disturbances brought by a hurricane might 
help the regeneration of primary species by limiting the growth of competitive species 
and exposing the mineral soil (Stoneburner et al. 1978).  
Low mortality after Hurricane Gilbert showed that local forest community is 
resistant to strong hurricane damage (Whigham et al. 1991). It also illustrated that 
foresets can adapt to an environment with frequent hurricane disturbances. Nevertheless, 
rapid canopy recovery is probably supported by resources stored in woody tissues.  
 After Hurricane Hugo, species on plantations suffered larger amount of damage 
than species in coastal forests (Gresham et al. 1991). Moreover, species on plantations 
lacked the ability of recovery from severe disturbance (Smith et al. 1997). In coastal 
loblolly pine stands, loblolly pine had poor regeneration. Loblolly pine seedlings are 
favored to germinate in exposed soil (Baker and Longdon 1990). The prescribed fire 
conducted after Hurricane Hugo was not intense enough to expose mineral soil. 
Meanwhile, native species, like oaks, can regenerate back rapidly by advanced 
regeneration or sprouting. In the sapling layer, invasive species like Chinese tallow 
(Triadica sebifera) showed aggressive recruitment.  
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Fire Modeling 
Fuel bed characteristics significantly affect fire behavior and fire effects along 
with weather and topography. Wildland fuel is spatially and temporally complex in 
structure, and different components of wildland fuel vary in their flammability. A better 
understanding, including characterizing, mapping and evaluation, of fuel bed is very 
important before any fire management activities. Since inventorying all these fire 
characteristics each time is time-consuming, an effective prediction or assessment was 
necessary (Sandberg et al. 2001). As a result, fire modeling is used as a more practical 
tool.  
A fire model is the mathematical relationships that describes an aspect of fire, 
such as rate of spread, flame length or intensity (Andrews and Queen 2001). Modeling 
needs to consider many variables, such as fuel type, fuel moisture content, weather, and 
temperature. Once these variables are obtained, several equations will be combined to 
create a fire model system, which can forecast and map fire behaviors and effects. 
Understanding fire behavior and effects is essential in firefighting, fire control, fire 
management and fire research.  
BehavePlus fire modeling system is among one of the most used fire behavior 
prediction system. First developed in 1975, the initial BEHAVE computer program was 
used to predict the spread of fire and fire intensity (Rothermel 1983). With the increasing 
requirement for modeling capability, BEHAVE was updated to BehavePlus. BehavePlus 
is a flexible fire modeling system developed by USDA Forest Service researchers that 
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produces tables and graphs used for a multitude of fire management applications 
including projecting the behavior of an ongoing fire, planning prescribed fire, and 
training (Andrews et al. 2008). 
 The capabilities of fire modeling in BehavePlus are grouped into 9 initial 
modules: SURFACE, CROWN SAFETY, SIZE, CONTAIN, SPOT, SCORCH, 
MORTALITY and IGNITE. BehavePlus consists of 13 original fuel models and 40 
additional models (Scott and Burgan 2005). BehavePlus can fulfill the requirements for 
either simple calculation or complex analysis. So far, few studies used BehavePlus for 
coniferous forests in the coastal plains subjected to hurricane damage, but Glitzenstein et 
al. (2006) applied BehavePlus to compare fuel treatment effects after Hurricane Hugo in 
FMNF. In BehavePlus, one of the most commonly used modules is the SURFACE 
module. This module uses multiple calculations to describe fire behavior, including 
fireline intensity and flame length, surface fire rate of spread, reaction intensity and heat 
per unit area, intermediate values (i.e., heat source, heat sink, relative packing ratio, etc.) 
and wind adjustment factors (Andrews 2007). 
To describe certain environmental conditions by customizing wind speed, slope 
gradient, or fuel moisture within BehavePlus, users need to either collect the data from 
their study site, or obtain available regional environmental data from other sources. When 
fuel moisture data is not collected in a study, the default fuel moisture scenarios within 
BehavePlus can be used to compare fire behavior between different fuel complexes (e.g., 
in disturbed and undisturbed stands). Fuel moisture scenarios contain surface fuel 
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moisture conditions for 1-, 10-, and 100-hour fuel, as well as herbaceous and woody fuels. 
Currently in BehavePlus v5, there are 16 scenarios to choose from. 
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CHAPTER THREE 
METHODS 
Study Sites 
Fuels and regeneration data were collected at 95 forest stands on five study sites, 
including four National forests and one wildlife refuge in South Carolina, Alabama, 
Mississippi and Texas. These study stands were assumed to be largely representative of 
similar upland pine stand types within the coastal plain area. For the purpose of the study, 
the upland pine forest was defined using the criteria of Natural Plant Community (NPC) 
(2007). The coastal plain includes the Atlantic Coastal Plain and the Gulf Coastal Plain. 
This terrain is mostly bordered by the Piedmont plateau, Atlantic Ocean and the Gulf of 
Mexico.  
Each of the five study sites were significantly affected by one of the major 
hurricanes occurred within a 20-year period between 1989 and 2008, including Hurricane 
Hugo (1989), Hurricane Opal (1995), Hurricane Katrina (2005), and Hurricane Ike (2008) 
(Figure 1). 
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Figure 1. Location of study sites where field data were collected. 
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The first study site was located within the 16,000 acres Hobcaw Barony Wildlife 
Refuge (HBWR) (33°24’N, 79°15’W). The HBWR occupies the southern tip of the 
Waccamaw Peninsula in Georgetown County, South Carolina. Soils in HBWR are sandy, 
excessively to moderately drained on the western side, and moderately to poorly drained 
on the eastern side. In Georgetown county, monthly mean temperature ranges from 8℃ in 
January to 23℃ in August. The mean annual precipitation was 56.24 in for the period 
1981 to 2010 (National Climatic Data Center. http://ggweather.com/normals/SC.html#G).  
Main stand types are loblolly pine and longleaf pine stands. 
The second study site was located within the 258,864 acres Francis Marion 
National Forest (FMNF) (33°9’N, 79°42’W). The FMNF spreads on the lower coastal 
plain of South Carolina, within Berkeley county and Charleston county. The elevation of 
the forest ranges from 0 to 80 feet above mean sea level. Soils in FMNF are sandy and 
moderately drained in pine stands. 
(https://fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5430357.pdf).  
The third study site was located within the 83,852 acres Conecuh National Forest 
in the southern part of the state of Alabama along the Alabama/Florida line in Covington 
and Escambia Counties (31°7'N, 86°45'W). Soil type is marked as deep sandy soils 
predominantly of the Troup and Fuquay series (Aresco and Guyer, 1999). In Covington 
county, monthly mean temperature ranges from 10℃ in January to 28℃ in July. The 
mean annual precipitation was 59.97 in for the period 1981 to 2010 (National Climatic 
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Data Center. http://ggweather.com/normals/AL.html#C). Main stand types are longleaf 
pine and slash pine stands. 
The fourth study site was located within the 518,587 acres De Soto National 
Forest (DSNF) (31°4’N, 88°59’W). DSNF spreads across six counties. The topography is 
dominated by lightly sloping uplands dominate which have numerous rivers and streams.  
Soil type is mainly sandy loam 
(http://www.nrcs.usda.gov/Internet/FSE_MANUSCRIPTS/mississippi/MS131/0/Stone.p
df). In Stone County, the center of the forest, the climate is characterized as mild, short 
winters and hot, humid summers. The monthly mean temperature ranges from 9℃ in 
January to 27 ℃ in July. Main stand types are longleaf pine and slash pine stands. 
 The fifth study site was located within the 163,037 acres Sam Houston National 
Forest (30°32’N, 95°21’W) which spread within Montgomery, Walker, and San Jacinto 
counties. Soil type is characterized primarily loamy and sandy 
(https://fs.usda.gov/Internet/FSE_DOCUMENTS/stelprdb5293620.pdf). The climate is 
characterized as mild, short winters and hot, humid summers. The monthly mean 
temperature ranges from 12℃ in January to 28℃ in July. Main stand types are loblolly 
pine and shortleaf pine stands. 
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Plot Establishment and Fuel Sampling 
Stand selection: The study was a completely randomized design. For each 
hurricane in the study, 10 upland pine stands that were severely damaged were identified 
based on existing records and aerial photos, with assistance of the local ranger district 
office. In addition, 10 less damaged pine stands, with similar stand and site conditions as 
those damaged stands before the hurricane, were also identified as control stands.  These 
stands formed a chronosequence consisting of 4 distinct age classes from time of damage 
to the time of sampling, ranging from 6 years (Hurricane Ike in 2008, sampled in 2014) to 
8 years (Hurricane Katrina in 2005, sampled in 2013) to 18 years (Hurricane Opal in 
1995, sampled in 2013) to 24 years (Hurricane Hugo in 1989, sampled in 2013) (Figure 
2). 
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Figure 2 Two stand types in this study: damaged (a) and control (b). Photos were 
taken in De Soto National Forest during November 2013 to December 2013. 
 
a 
 
b 
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  Fuels data were collected from June 2013 to June 2014. On each identified field, 
Brown’s (Brown 1974) planar intercept method was used to measure fuel load. In each 
stand, 1-3 plots were located at a 30 m interval along transects that lace regularly across 
sample area. In HBWR and FMNF, where were for the study of Hurricane Hugo, 4 
damaged stands had 3 plots, 1damaged stand had 2 plots, 3 damaged stands had 1 plot,  6 
control stands had 1 plot, 6 control stands had 2 plots. In all the other 3 national forest, 
every stand had 2 plots.  Three 15 m sampling transects were established at each plot. 
The orientation of center transect was established in a random direction, and other two 
transects were placed at +120° and −120° from the inner transect. Measurements along 
the fuel transect began at the common point for the center transect and one of the other 
randomly selected outer transect. For the other outer transect, measurements began on the 
end away from the common point (Figure 3). 
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Figure 3. Brown’s (1972) planar intercept method used to collect downed woody 
fuels (2013-2014). 
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Down woody fuels of 0.00–0.64 cm, 0.64 – 2.54 cm, 2.54 – 7.62 cm in, and over 
7.62 cm in diameter that intersected the sampling plane were tallied as 1-, 10-, 100-, and 
1000-h fuel classes. 1- and 10-hour fuel intercepts were counted along the first 1.8m. 
100-hour fuels were counted along the first 3.6m feet. The 1000-h fuel were recorded by 
species (pine or hardwood), diameter, and decaying class (sound or decay) along the 
entire 15 m transect. Counts of 1-, 10-, 100- and 1000-hour fuels obtained from transect 
sampling in the field were converted to weights using equations given by Brown (Brown 
1974). 
Aboveground heights of downed woody debris were measured to the nearest 0.3 
cm at sections of 3.66 to 3.96 m, 7.62 to 7.92 feet and 12.19 to 12.50 m. Fuel height was 
measured from the surface of mineral soil to the highest dead and down woody fuel 
particle (<1.83 m) which intersected those transects (Brown 1974). Depths of litter and 
duff were measured to the nearest 0.3 cm. Percent cover of herb (forb and grass) and 
woody species were estimated in mil-acre plots (size = 4 m2 or 2 x 2 m) centered at 1.5, 
4.6, 7.6, 10.7, and 13.7 m along each transect. 
 
Vegetation Sampling 
Small (< 0.3 m tall) and large (> 0.3 m. tall but diameter at breast height (DBH) < 
2.5 cm) seedlings were tallied by species on each mil-acre plot (Figure 4).  Using each 
fuel sample points as the center, DBH of all saplings (2.5 < DBH < 10.2 cm) were 
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measured within 5.6 m radius and DBH of all trees (DBH > 10.2 cm) were measured 
within 11.3 m radius. A small subset of tree regeneration over the entire size range were 
randomly selected and sampled, destructively (< 2.5 cm DBH) or by tree core (>2.5 cm 
DBH), to determine stand and recruitment age in the lab. In each plot, one stem from 
each DBH class, or 0-2.5 m, 2.5-5.1 m, 5.2-7.6 m, 7.7-10.2 m, 10.3-15.3 m, 15.4-20.3 m, 
20.4-25.4 m... in DBH class, were selected. New recruitments in 0-1 class with their 
stems green in color were not selected for age determination.  
 
Study on Management Impact  
In Desoto National Forest, 20 hurricane-damaged pines stands, 10 each subjected 
to salvage logging and untreated, were sampled to measure fuel loading and forest 
regeneration.  Fuel measurements and vegetation sampling were conducted using the 
same method described above.  
Fuel and tree regeneration data were compared across treatments using t-test. 
Wilcoxon test were used when the residual was not normally distributed. 
In this paper, the stand types are often referred to by their initials as follows: CH 
as Hugo control stands, DH as Hugo Damaged Stands, CO as Opal Control stands, DO as 
Opal Damaged Stands, CK as Katrina Control stands, DK as Katrina Damaged 
Unsalvaged Stands, DSK as Katrina Damaged Salvaged Stands, CI as Control Ike Stands, 
DI as Ike Damaged Stands. 
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Figure 4. Mil-acre plot used in this study. Each mil-acre plot was made up with 4 
1m*1m frames showed in this photo.  Photo was taken in Sam Houston National 
Forest during June 2014. 
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Fire Modeling 
Based on measured fuel data, results produced by BehavePlus fire modeling 
system (v. 5.0.3 Missoula, MT) were used for analysis of fire behavior. Custom fuel 
modeling was applied to each study stands. In total, there were 12CH, 12DH, 10CO, 
10DO, 20DK, 10 CK, 10CI and 10 DI custom fuel models. To model the fire behavior in 
coastal plain pine forest, fuel model 7 (Southern Rough) was selected as initial fuel 
model. To better simulate the actual fuel condition, we adjusted the fuel bed depth from 
2.5 ft to 2 ft. The coastal plain weather is characterized as precipitation is evenly 
distributed throughout the year. Thus several moisture scenarios were chosen to predict 
fire moisture in different seasons. In this study, moisture scenario D1L1 and D1L4 was 
selected. D1L1 simulated extremely dry dormant season condition. D1L4 simulated 
extremely dry growing season condition. For variables in which no field data were 
available, the default values provided by the standard fuel models were used. Table 2 
presents the parameters that were used for modeling within BehavePlus. Percent cover of 
live herbaceous and live woody fuels (i.e., shrubs) was recorded in the field; however, no 
field data were collected for live herbaceous or live woody fuel loadings, which varied 
from stand to stand depending on percent woody shrub cover or percent herbaceous cover 
recorded during field data collection. Therefore, fuel loading data in these categories 
were calculated with equations given by Mitchell et al. (1987) and Brown and Marsden 
(1976). All other fuel load values were obtained from converting field data to weights 
using equations given by Brown (1974). 
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Table 1. Parameters used in custom fuel models within BehavePlus  
Parameter     Units Value 
Fuel/Vegetation, Surface/Understory 
     Fuel model type 
     1-hr time lag fuel load 
     10-hr time lag fuel load 
     100-hr time lag fuel load 
     Live herbaceous fuel load 
     Live woody fuel load 
     1-h SA/V 
     Live herbaceous SA/V 
     Live woody SA/V 
     Fuel bed depth 
     Dead fuel moisture of extinction 
     Dead fuel heat content 
     Live fuel heat content 
Fuel moisture 
    Moisture Scenario 
 
N/A 
tons/ac 
tons/ac 
tons/ac 
tons/ac 
tons/ac 
ft2/ft3 
ft2/ft3 
ft2/ft3 
ft 
% 
Btu/lb 
Btu/lb 
 
N/A 
 
 
dynamic 
field/regression equation1 
field/regression equation1 
field/regression equation1 
regression equation2 
regression equation3  
fuel model default 
fuel model default 
fuel model default 
2  
fuel model default 
fuel model default 
fuel model default 
 
fuel model default 
Weather 
     Midflame wind speed (upslope) 
Terrain 
     Slope grade 
 
mph 
 
% 
 
4 
 
0 
   
1Calculated with the equation from Brown (1974). 
2Calculated with the equation from Mitchell et al. (1987). 
3Calculated with the equation from Brown and Marsden (1976). 
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Data Analysis 
Counts of down woody fuel, depths of litter and duff, and covers of herb and 
woody species were converted to dry weights using published equations (Brown 1974; 
Mitchell et al. 1987). Small and large seedling number in mil-acre plots were added and 
converted into small and large seedling number per species per plot. Tree cores and 
cookies were dated in the lab. Tree cores were mounted first, and then they were sanded 
in order to make the rings clear. Rings were dated under microscopes in case the rings 
were too close together. For cores that did not have pith, the stem ages were counted as 
the max number of rings. After all the rings were counted and ages of trees were obtained, 
ratio of recruitment for all trees and for only pine trees after hurricane for each stand was 
calculated based on stem age and hurricane year. Then numbers of tree recruitment for all 
trees and for only pine trees per hectare in each stand were calculated based on stem 
number counted in plot and ratio of recruitment. 
For fuel dynamics and regeneration of each hurricane, mean fuel loading (1-, 10-, 
100- and 1000-hr fuels) and basal area, litter depth, duff depth, fuel bed depth, 
regeneration of different species, recruitment of all trees and only pines, percent woody 
and non-woody coverage, modeled fire behavior including rate of spread and flame 
length were compared among different hurricane years and control/damaged treatments, 
using analysis of variance. For each response, a model was developed that included terms 
for year (or hurricane) effect, type (damaged or control) effect, and the year by type 
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interaction effect. If effects were found to be significant, then Fisher’s protected least 
significant difference test was used to compare means and further examine the effect. 
When the interaction effect was found to be significant, separate ANOVAs were 
conducted to compare mitigation within in each year; and separate ANOVAs (followed 
by Fisher’s LSD) were also conducted to compare mitigation effect in Hurricane Katrina 
damaged stands. Note that the comparisons of mitigations within each year are simply t-
tests. 
ANOVA assumptions were assessed using residual analyses and plots.  Tests of 
normality were specifically investigated using probability plots and using the Shapiro-
Wilk W-test (Zar 1999; α = 0.05). If data were non-normal, they were transformed using 
Van der Waerden test. If the Results from Vander Waerden test were not consistent with 
the original ANOVA, Wilcoxon nonparametric test would be conducted to check whether 
ANOVA or Van der Waerden test was more convincing.  
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CHAPTER FOUR  
RESULTS 
Comparison of Downed Woody Materials Dynamics 
1-hr fuel 
ANOVA showed that 1-hr fuel weight was significantly affected by year 
(F=31.3566; df=3, 86; p<0.001), type (F=26.6162; df=1, 86; p<0.001) and year*type 
interaction (F=12.5630; df=3, 86; p<0.001). To compare different types in the same year, 
the t-test suggested the 1-hr fuel weight of DH was significantly greater than that of CH 
(Table 2). To compare different years of the same type, the Fisher’s LSD test suggested 
that of 1-hr fuel weight of DH was significantly greater than that of DO, DK and DI; The 
mean weight of DI stands was significantly greater than that of DO, DK; The 1-hr fuel 
weight of CH was significantly greater than that of CO, CK and CI (Table 3). 
 
10-hr fuel 
ANOVA showed that 10-hr fuel weight was significantly affected by year 
(F=20.9265; df=3, 86; p<0.001), type (F=34.6491; df=1, 86; p<0.001) and year*type 
interaction (F=9.2999; df=3, 86; p<0.001). To compare different types in the same year, 
the t-test suggested that the 10-hr fuel weight of DH was significantly greater than that of 
CH (Table 2). To compare different years in the same type, the Fisher’s LSD test 
suggested that the 10-hr fuel weight of DH was significantly greater than that of DO, DK 
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and DI; The mean weight of DI was significantly greater than that of DO and DK; The 
10-hr fuel weight of CI was significantly less than that of CH and CO (Table 3).  
 
100-hr fuel 
ANOVA showed that 100-hr fuel weight was significantly affected by year 
(F=7.3901; df=3, 86; p<0.001), type (F=20.8195; df=1, 86; p<0.001) and year*type 
interaction (F=4.8584; df=3, 86; p<0.001). To compare different types in the same year, 
the t-test suggested that the 100-hr fuel weight of DH was significantly greater than that 
of CH; the 100-hr fuel weight of DI was significantly greater than that of CI (Table 2). To 
compare different years in the same type, Fisher’s LSD test suggested that the 100-hr fuel 
weight of DH was significantly greater than that of DK and DO; The 100-hr fuel weight 
of DI was significantly greater than that of DK and DO; The 100-hr fuel weight of CK 
was significantly less than that of CO (Table 3).   
 
1000-hr fuel 
ANOVA showed that 1000-hr fuel weight was significantly affected by year 
(F=7.0653; df=3, 86; p<0.001), type (F=43.6114; df=1, 86; p<0.001) and year*type 
interaction (F=4.2353; df=3, 86; p<0.01). To compare different types in the same year, 
the t-test suggested that the 1000-hr fuel weight of DH was significantly greater than that 
of CH; the 1000-hr fuel weight of DK was significantly greater than that of CK; the 
1000-hr fuel weight of DI was significantly greater than that of CI (Table 2). To compare 
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different years in the same type, Fisher’s LSD test suggested that the 1000-hr fuel weight 
of DH was significantly greater than that of DK and DO. The 1000-hr fuel weight of DI 
was significantly greater than that of DK and DO (Table 3).  
 
DWD depth 
ANOVA showed that DWD depth was significantly affected by year (F=5.0843; 
df=3, 86; p<0.01) and type (F=26.3839; df=1, 86; p<0.001). DWD depth was not 
significantly affected by year*type interaction. Fisher’s LSD test suggested that the mean 
of DWD depth of DH was significantly greater than CH, DO and DK; the mean of DWD 
depth of DI was significantly greater than CI, DO and DK; the mean of DWD depth of 
DK was significantly greater than CK Fisher’s LSD test suggested that damaged stands 
had significantly greater DWD depth than control stands. Also, Hugo stands and Ike 
stands had significantly greater DWD depth than other two hurricane years (Table 4).  
 
Litter depth 
ANOVA showed that litter depth was significantly affected by year (F=30.3218; 
df=3, 86; p<0.01). Litter height was not significantly affected by type and year*type 
interaction. Fisher’s LSD test suggested that litter depth was the greatest in Hugo stands. 
Litter depth in Ike stands was significantly greater in Katrina stands than in Ike and Opal 
stands (Table 4). 
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Duff depth 
ANOVA showed that duff depth was significantly affected by year (F=113.3459; 
df=3, 86; p<0.001), type (F=37.4576; df=1, 86; p<0.001) and year*type interaction 
(F=30.1749; df=3, 86; p<0.001). To compare types in the same year, the t-test suggested 
that the duff depth of DH was significantly greater than that of CH (Table 2). To compare 
years in the same type, the Fisher’s LSD test suggested that the duff depth of DH was 
significantly greater than that of DO, DK and DI; the duff depth of CH was significantly 
greater than that of CO, CK and CI (Table 3).  
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Table 2. Comparisons of the means of down woody materials variables across year 
and type combinations, which are significantly affected by year*type interaction. 
Numbers in parentheses represent standard error. Means within the same row 
followed by the same letter are not significantly different at α = 0.05. 
1989 1995 
Control Damaged Control Damaged 
1-hr fuel (ton/ha) 0.066(0.27)B 0.264(0.27)A 0.01(0.005)A 0.01(0.005A 
10-hr fuel (ton/ha) 1.13(0.41)B 3.60(0.41)B 1.04(0.25)A 1.10(0.25)A 
100-hr fuel (ton/ha) 1.02(0.59)B 3.59(0.59)A 1.30(0.33)A 1.24(0.33)A 
1000-hr fuel (ton/ha) 1.91(3.63)B 22.27(3.63)A 1.67(1.02)B 5.50(1.02)A 
Duff depth (cm) 1.69(0.41)B 5.31(0.41)A 0.002(0.005)A 0.007(0.005)A 
2005 2008 
Control Damaged Control Damaged 
1-hr fuel (ton/ha) 0.015(0.011)A 0.024(0.008)A 0.07(0.02)A 0.13(0.02)A 
10-hr fuel (ton/ha) 0.24(0.15)A (0.53)0.11)A 0.60(0.23)B 2.28(0.23)A 
100-hr fuel (ton/ha) 0.29(0.37)A 1.05(0.26)A 1.08(0.90)B 4.98(0.90)A 
1000-hr fuel (ton/ha) 3.46(2.14)B 11.70(1.51)A 6.45(3.63)B 25.60(3.63)A 
Duff depth (cm) 0.07(0.15)B 0.45(0.11)A 0.05(0.03)A 0.04(0.03)A 
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Table 3. Comparisons of the means of down woody materials variables across year 
and type combinations, which are significantly affected by year*type interaction. 
Means within the same row followed by the same letter are not significantly 
different at α = 0.05. 
Damaged 
Hugo (1989) Opal (1995) Katrina (2005) Ike (2008) 
1-hr fuel (ton/ha) 0.26(0.02)A 0.01(0.02)C 0.02(0.02)C 0.13(0.02)B 
10-hr fuel (ton/ha) 3.60(0.30)A 1.10(0.33)C 0.53(0.24)C 2.28(0.33)B 
100-hr (ton/ ha) 3.59(0.66)A 1.24(0.73)B 1.05(0.51)B 4.98(0.763)A 
1000-hr (ton/ha) 22.27(3.41)A 5.50(3.74)B 11.70(2.64)B 25.60(3.73)A 
Duff depth (cm) 6.31(0.26)A 0.007(0.29)B 0.45(0.20)B 0.04(0.29)B 
Control 
Hugo (1989) Opal (1995) Katrina (2005) Ike (2008) 
1-hr fuel (ton/ha) 0.07(0.01)A 0.01(0.01)B 0.02(0.01)B 0.07(0.01)B 
10-hr fuel (ton/ha) 1.13(0.19)A 1.04(0.21)A 0.24(0.21)B 0.60(0.21)AB 
100-hr (ton/ ha) 1.02(0.31)AB 1.30(0.33)A 0.29(0.33)B 1.08(0.33)AB 
1000-hr (ton/ha) 1.91(1.17)B 1.67(1.27)B 3.46(1.28)AB 6.45(1.27)A 
Duff depth (cm) 1.69(0.16)A 0.002(0.18)B 0.07(0.18)B 0.05(0.18)B 
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Table 4. Comparisons of the means of down woody materials variables across year 
and type combinations, which are not significantly affected by year*type interaction. 
For each variable, means within the same row followed by the same letter are not 
significantly different at α = 0.05. 
 
Year 
 
Hugo (1989) Opal (1995) Katrina (2005) Ike (2008) 
DWD depth (cm) 
    
Control 2.08BC 0.43C 1.04C 1.70BC 
Damage 6.02A 2.13BC 3.18B 5.82A 
Litter depth (cm) 
    
Control 3.78A 0.84C 1.50BC 0.81C 
Damage 5.33A 0.48C 2.03B 0.83C 
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Comparison of Regeneration and Tree Recruitment 
Basal area 
ANOVA showed that basal area was significantly affected by year (F=26.5252; 
df=3, 86; p<0.001), type (F=28.2816; df=1, 86; p<0.001) and year*type interaction 
(F=4.5527; df=3, 86; p<0.01). To compare types in the same year, the t-test suggested 
that the basal area of DO was significantly lower than CO. The basal area of DK was 
significantly lower than CK. The basal area of DI was significantly lower than CI (Table 
5). To compare years in the same type, the Fisher’s LSD test suggested that the basal area 
of DH was significantly higher than that of DO, DK, and DI; the basal area of CH was 
significantly higher than that of CO, CK, and CI (Table 6). 
 
Total small seedlings  
ANOVA showed that the mean of total small seedlings was significantly affected 
by year (F=6.0388; df=3, 86; p<0.001) and year*type interaction (F=5.3521; df=3, 86; 
p<0.01). The mean of total small seedlings was not significantly affected by type. To 
compare types in the same year, the t-test suggested that the number of total small 
seedlings of DH was significantly lower than that of CH; the number of total small 
seedlings of DK was significantly lower than that of CK (Table 5). To compare years in 
the same type, the Fisher’s LSD test suggested that the number of total small seedlings of 
CH was significantly greater than that of CO, CK and CI (Table 6). 
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Total large seedlings 
ANOVA showed that the mean of total large seedlings was significantly affected 
by year (F=9.5869; df=3, 86; p<0.001), type (F=10.9075; df=1, 86; p<0.01) and 
year*type interaction (F=4.3279; df=3, 86; p<0.01). To compare the types in the same 
year, the t-test suggested that the number of total large seedlings of DI was significantly 
greater than that of CI; the number of large seedlings of DH was significantly greater 
than that of CH (Table 5). To compare the years in the same type, the Fisher’s LSD test 
suggested that the number of total large seedlings of DI was significantly greater than that 
of DH, DO and DK; the number of total large seedlings of CH was significantly greater 
than that of CO and CK; the number of total large seedlings of CI was significantly 
greater than that of CO and CK (Table 6). 
 
Small longleaf pine seedlings 
ANOVA showed that the mean of small longleaf pine seedlings was significantly 
affected by type (F=3.8344; df=2, 68; p=0.054). The mean of small longleaf pine 
seedlings was not significantly affected by year, type or year*type interaction. Fisher’s 
LSD suggested that the number of small longleaf pine seedlings was significantly greater 
in damaged stands than in control stands (Table 7). 
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Large longleaf pine seedlings  
ANOVA showed that the mean of large longleaf pine seedlings was significantly 
affected by year*type interaction (F=4.6044; df=2, 68; p<0.05). The number of large 
longleaf pine seedlings was not significantly affected by year or type.  To compare types 
in the same year, the t-test suggested the number of large longleaf pine seedlings of DK 
was significantly greater than that of CK (Table 5). There is no significant difference 
between types in other years. To compare years in the same type, Fisher’s LSD suggested 
that there is no significant difference among the years in either types (Table 6).  
 
Small oak seedlings 
ANOVA showed that the mean of small oak seedlings was significantly affected 
by year (F=4.7809; df=3, 86; p<0.01) and type (F=5.0188; df=1, 86; p<0.05). The mean 
of small seedlings was not significantly affected by year*type interaction. Fisher’s LSD 
test suggested that there was no significant difference in number of small oak seedlings 
between control and damaged stands for each year; to compare years in the same type, 
the number of small oak seedlings in CH is significantly greater than that of CK (Table 7).  
 
Large oak seedlings 
ANOVA showed that the mean of large oak seedlings was significantly affected 
by year (F=6.9344; df=3, 86; p<0.001).  The mean of large oak seedlings was not 
significantly affected by type and year*type interaction. Fisher’s LSD test suggested that 
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the number of large oak seedlings in Ike stands was significantly greater than in the other 
three hurricane years (Table 7). 
 
Total small pine seedlings 
ANOVA showed that the mean of total small pine seedlings was not significantly 
affected by year, type or year*type interaction. 
 
Total large pine seedlings 
ANOVA showed that the mean of total large pine seedlings was significantly 
affected by year*type interaction (F=4.5114; df=3, 86; p<0.01). The mean of total large 
pine seedlings was not significantly affected by year or type. To compare types in the 
same years, the t-test suggested that the mean of total large pine seedlings of DH was 
significantly less than that of CH (Table 5). To compare years in the same types, Fisher’s 
LSD suggested that the mean of total large pine seedlings of CH was significantly greater 
than that of CO, CK and CI; there is no significant difference among the years in 
damaged stands (Table 6). 
 
Tree per hectare  
ANOVA showed that the mean of trees per hectare was significantly affected by 
year (F=44.7154; df=3, 86; p<0.001), type (F=4.3287; df=1, 86; p<0.05) and year*type 
interaction (F=15.7636; df=3, 86; p<0.001). To compare types in the same year, the t-test 
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suggested that the mean of tree per hectare of DH was significantly greater than that of 
CH; the mean of tree per hectare of DO was significantly less than that of CO; the mean 
of tree per hectare of DK was significantly less than that of CK; the mean of tree per 
hectare of DI was significantly less than that of CI (Table 5). To compare years in the 
same type, Fisher’s LSD test suggested that the mean of tree per hectare of DH was 
significantly greater than that of DO, DK and DI; the mean of tree per hectare of CH was 
significantly greater than that of CO, CK, and CI (Table 6).  
 
Tree recruitment after hurricane per hectare 
ANOVA showed that the mean of tree recruitment after hurricane per hectare was 
significantly affected by year (F=14.1250; df=3, 86; p<0.001), type (F=9.0764; DF=1, 86; 
P<0.01) and year*type interaction (F=8.4495; df=3, 86; p<0.0001). To compare different 
types in the same year, the t-test suggested that tree recruitment per hectare of DH was 
significantly greater than that of CH (Table 5). To compare different years in the same 
type, Fisher’s LSD test suggested that the mean of recruitment per hectare of DH was 
significantly greater than that of DO, DK and DI; the mean of recruitment per hectare of 
CH was significantly greater than that of CO, CK, and CI (Table 6). 
 
Pine per hectare 
ANOVA showed that the mean of pines per hectare was significantly affected by 
year (F=40.8583; df=3, 86; p<0.001) and year*type interaction (F=9.5866; df=1, 86; 
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p<0.001). The mean of pines per hectare was not significantly affected by type.  To 
compare types in the same year, the t-test suggested that the mean of pines per hectare of 
DH was significantly greater than that of CH; the mean of pine per hectare of DO was 
significantly less than that of CO; the mean of pine per hectare of DK was significantly 
less than that of CK; the mean of pine per hectare of DI was significantly less than that of 
CI (Table 5). To compare years in the same type, Fisher’s LSD suggested that the mean 
of pine per hectare of DH was significantly greater than that of DO, DK and DI; the mean 
of pine per hectare of CH was significantly greater than that of CO, CK and CI (Table 6).  
 
Pine recruitment after hurricane per hectare 
ANOVA showed that the mean of pine recruitment per hectare was significantly 
affected by year (F=25.4611; df=3, 86; p<0.001), type (F= 13.3769; df=1, 86; p<0.001) 
and year*type interaction (F=10.7279; df=3, 86; p<0.001). To compare types in the same 
year, the t-test suggested that the mean of pine recruitment per hectare of DH was 
significantly greater than that of CH (Table 5). To compare years in the same type, 
Fisher’s LSD test suggested that the mean of pine recruitment per hectare of DH was 
significantly greater than that of DO, DK, and DI; the mean of pine recruitment per 
hectare of CH was significantly greater than that of CO, CK and CI (Table 6). 
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Woody coverage 
ANOVA showed that the mean of woody coverage was significantly affected by 
year (F=9.1078; df=3, 86; p<0.001) and type (F=16.1740; df=1, 86; p<0.001). The mean 
of woody coverage was not significantly affected by year*type interaction. Fisher’s LSD 
test suggested that the mean of woody coverage of DH was significantly less than that of 
CH, DK and DI. The mean of woody coverage of DO was significantly less than that of 
DK. The mean of woody coverage of DI was significantly less than that of CI (Table 7). 
The mean of woody coverage kept in balance, and then decreased over years, and then 
kept in balance.  
 
Herbaceous coverage 
ANOVA showed that herbaceous coverage was significantly affected by year 
(F=9.1078; df=3, 86; p<0.001) and type (F=16.1740; df=1, 86; p<0.001).  The mean of 
herbaceous coverage was not significantly affected by year*type interaction. Fisher’s 
LSD test suggested that the mean of herbaceous coverage of DO was significantly greater 
than CO, DH, DK and DI. The mean of herbaceous of DK was significantly greater than 
that of CK and DH.  The mean of herbaceous coverage of DI was significantly greater 
than that of CI and DH (Table 7). The mean of herbaceous coverage kept in balance, and 
then increased over years, and then decreased over years. 
  
55 
 
 
 
Table 5. Comparisons of the means of regeneration variables across year and type 
combinations, which are significantly affected by year*type interaction. Numbers in 
parentheses represent standard error. Means within the same row followed by the 
same letter are not significantly different at α = 0.05. 
1989 1995 
Control Damaged Control Damaged 
Basal area (m2/ha) 27.57(2.84)A 28.64(2.84)A 20.76(1.73)A 11.56(1.73)B 
Total small seedlings 95.08(14.09)A 39.56(14.09)B 22.9(8.5)A 25(8.5)A 
Total large seedling 55.75(9.87)A 8.92(9.87)A 12.1(4.55)A 8.9(4.55)A 
Large longleaf pine 
seedlings 0.08(0.06)A 0(0.06)A 0.4(0.19)A 0(0.19)A 
Total large pine 
seedlings 12(4)A 0(4)B 0.5(0.4)A 1.3(0.4)A 
Tree per hectare 467(135)B 1169(135)A 238(24)A 138(24)B 
Tree recruitment per 
hectare 
70(105)B 519(105)A 8(6)A 24(6)A 
Pine per hectare 421(94)B 769(94)A 238(24)A 135(24)B 
Pine recruitment per 
hectare 59(45)B 281(45)A 5(6)A 22(6)A 
 2005 2008 
 Control Damaged Control Damaged 
Basal area (m2/ha) 17.63(1.16)A 9.40(0.82)B 20.85(1.52)A 8.95(1.52)B 
Total small seedlings 6.6(18.11)A 50.1(12.8)A 18.6(7.10)A 15.8(7.10)A 
Total large seedling 8.2(2.79)A 11.95(1.98)A 64.7(14.13)A 32.6(14.13)A 
Large longleaf pine 
seedlings 0(0.49)B 1.3(0.34)A N/A N/A 
Total large pine 
seedlings 0.1(0.92)A 2.15(0.65)A 2.3(3.05)A 7.2(3.05)A 
Tree per hectare 208(17)A 115(12)B 156(12)A 75(12)B 
Tree recruitment per 
hectare 0(3)A 6(2)A 11(4)A 11(4)A 
Pine per hectare 208(17)A 114(12)B 127(12)A 56(12)B 
Pine recruitment per 
hectare 1(3)A 6(2)A 0(1)A 1(1)A 
 
  
56 
 
 
 
Table 6. Comparisons of the means of regeneration variables across year and type 
combinations, which are significantly affected by year*type interactions, among 
different hurricane years in each type. Means within the same row followed by the 
same letter are not significantly different at α = 0.05. 
Damaged 
Hugo (1989) Opal (1995) Katrina (2005) Ike (2008) 
Basal area (m2/ha) 28.64(1.74)A 11.55(1.91)B 9.40(1.35)B 8.95(1.91)B 
Total small seedlings 39.56(13.64)A 25(14.94)A 50.05(10.56)A 15.8(14.93)A 
Total large seedling 8.92(4.76)B 8.9(5.2)B 11.95(3.68)B 32.6(5.21)A 
Large longleaf pine 
seedlings 0(0.38)B 0(0.41)B 1.3(0.29)A N/A 
Total large pine seedlings 0(1.7)B 1.3(1.9)B 2.15(1.32)B 7.2(1.9)A 
Tree per hectare 1169(86)A 138(94)B 115(66)B 75(94)B 
Tree recruitment per 
hectare 518(70)A 24(77)B 6(55)B 11(77)B 
Pine per hectare 769(54)A 135(59)B 114(42)B 56(59)B 
Pine recruitment per hectare 281(29)A 22(32)B 6(23)B 1(31)B 
Control 
Hugo (1989) Opal (1995) Katrina (2005) Ike (2008) 
Basal area (m2/ha) 27.57(1.94)A 20.76(2.13)B 17.93(2.13)B 20.85(2.13)B 
Total small seedlings 95.1(11.4)a 22.9(12.5)B 6.6(12.5)B 18.6(12.5)B 
Total large seedling 55.8(12.9)A 12.1(12.0)B 8.2(12.0)B 64.7(12.0)A 
Large longleaf pine 
seedlings 0.4(0.14)A 0.08(0.16)A 0(0.16)A N/A 
Total large pine seedlings 12.0(3.1)A 2.3(3.4)B 0.1(3.4)B 2.3(3.4)B 
Tree per hectare 470(42)A 238(46)B 208(46)B 155(46)B 
Tree recruitment per 
hectare 70(12)A 8(13)B 1(13)B 11(13)B 
Pine per hectare 421(43)A 238(47)B 208(47)B 127(47)B 
Pine recruitment per hectare 59(11)A 5(12)B 0(12)B 0(12)B 
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Table 7. Comparisons of the means of regeneration variables, which are not 
significantly affected by year*type interaction, between damaged and control stands 
along the chronosequence. For each variable, means within the same row followed 
by the same letter are not significantly different at α = 0.05. 
Year 
Hugo (1989) Opal (1995) Katrina (2005) Ike (2008) 
Small longleaf pine 
seedlings 
Control 0B 8.0B 1.5B N/A 
Damage 0B 17.1AB 46.2A N/A 
Small oak seedlings 
Control 19A 9AB 0B 14AB 
Damage 5AB 4AB 2.3AB 8AB 
Large oak seedlings 
Control 10BC 6.3BC 0.6C 23.8A 
Damage 0C 5.7BC 4.4BC 13.6AB 
Woody coverage (%) 
    Control 52.01BC 46.61BC 56.97AB 70.73A 
Damage 24.29D 37.71CD 61.07B 51.95BC 
Herbaceous coverage (%) 
    Control 5.80D 32.80B 20.22C 18.26C 
Damage 5.55D 47.15A 29.94B 33.13B 
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Comparison of Modeled Fire Behavior 
Predicted rate of spread in moisture scenario D1L1 
ANOVA showed that the predicted rate of spread in moisture scenario D1L1 was 
significantly affected by year (F=17.1487; df=3, 86; p<0.001), type (F=14.3730; df=1, 86; 
p<0.001) and year*type interaction (F=2.947; df=3, 86; p<0.05). To compare types in the 
same year, the t-test suggested that the rate of spread of DH was significant greater than 
that of CH; the rate of spread of DI was significant greater than that of CI (Table 8). To 
compare years in the same type, Fisher’s LSD test suggested that the rate of spread of DH 
was significantly greater than that of DO, DK and DI; the rate of spread of DI was 
significantly greater than that of DK; the rate of spread of DO was significantly greater 
than that of DK; the rate of spread in CH was significantly greater than that of CI and CK; 
the rate of spread in CO was significantly greater than that of CI and CK (Table 9). 
 
Predicted flame length in moisture scenario D1L1 
ANOVA showed that the predicted flame length in moisture scenario D1L1 was 
significantly affected by year (F=16.1708; df=3, 86; p<0.001), type (F=24.8119; df=1, 86; 
p<0.001) and year*type interaction (F=5.8710; df=3, 86; p<0.01). To compare types in 
the same year, the t-test suggested that the flame length of DH was significant greater 
than that of CH; the flame length of DI was significant greater than that of CI (Table 8). 
To compare years in the same type, Fisher’s LSD test suggested that the flame length of 
DH was significantly greater than that of DO and DK ; the flame length of DI was 
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significantly greater than that of DO and DK; the flame length of DO was significantly 
greater than that of DK; the flame length in CH was significantly greater than that of CI 
and CK; the flame length in CO was significantly greater than that of CI and CK; the 
flame length in CI was significantly greater than that of CK (Table 9). 
 
Predicted rate of spread in moisture scenario D1L4 
ANOVA showed that the predicted rate of spread in moisture scenario D1L1 was 
significantly affected by year (F=21.0151; df=3, 86; p<0.001), type (F=20.5530; df=1, 86; 
p<0.001; F=6.7880; df=3, 86; p<0.001) and year*type interaction (F=4.8893; df=3, 86; 
p<0.01). To compare types in the same year, the t-test suggested that the rate of spread of 
DH was significant greater than that of CH; the rate of spread of DI was significant 
greater than that of CI (Table 8). To compare years in the same type, Fisher’s LSD test 
suggested that the rate of spread of DH was significantly greater than that of DO, DK and 
DI; the rate of spread of DI was significantly greater than that of DK; the rate of spread of 
DO was significantly greater than that of DK; the rate of spread in CH was significantly 
greater than that of CI and CK; the rate of spread in CO was significantly greater than 
that of CI and CK (Table 9). 
 
Predicted flame length in moisture scenario D1L4 
ANOVA showed that the predicted flame length in moisture scenario D1L4 was 
significantly affected by year (F=16.4563; df=3, 86; p<0.001), type (F=27.7687; df=1, 86; 
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p<0.001) and year*type interaction (F=6.7880; df=3, 86; p<0.001). To compare types in 
the same year, the t-test suggested that the predicted flame length in scenario D1L1 of 
DH was significant greater than that of CH; the flame length of DI was significant greater 
than that of CI (Table 8). To compare years in the same type, Fisher’s LSD test suggested 
that the flame length of DH was significantly greater than that of DI, DO and DK; the 
flame length in CH was significantly greater than that of CI and CK; the flame length in 
CO was significantly greater than that of CI and CK (Table 9).  
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Table 8. Comparisons of the means of modeled fire behavior variables across year 
and type combinations, which are significantly affected by year*type interactions. 
Numbers in parentheses represent standard error. Means within the same row 
followed by the same letter are not significantly different at α = 0.05. 
1989 1995 
Control Damage Control Damage 
Predicted rate of spread 
in moisture scenario 
D1L1 (m/min) 2.69(0.66)B 4.91(0.66)A 2.39(0.57)A 2.67(0.57)A 
Predicted flame length in 
moisture scenario D1L1 
(m/min) 0.60(0.14)B 1.31(0.14)A 0.54(0.12)A 0.57(0.12)A 
Predicted rate of spread 
in moisture scenario 
D1L4 (m/min) 0.97(0.25)B 2.20(0.25)A 1.02(0.18)A 1.09(0.18)A 
Predicted flame length in 
moisture scenario D1L4 
(m/min) 0.34(0.09)B 0.86(0.09)A 0.35(0.06)A 0.36(0.06)A 
2005 2008 
Control Damage Control Damage 
Predicted rate of spread 
in moisture scenario 
D1L1 (m/min) 0.28(0.26)A 0.59(0.18)A 0.76(0.54)B 3.36(0.54)A 
Predicted flame length in 
moisture scenario D1L1 
(m/min) 0.10(0.08)A 0.21(0.05)A 0.21(0.17)B 1.12(0.17)A 
Predicted rate of spread 
in moisture scenario 
D1L4 (m/min) 0.13(0.12)A 0.28(0.09)A 0.33(0.19)B 1.28(0.19)A 
Predicted flame length in 
moisture scenario D1L4 
(m/min) 0.07(0.06)A 0.14(0.04)A 0.14(0.10)B 0.66(0.10)A 
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Table 9. Comparisons of the means of modeled fire behavior variables across year 
and type combinations, which are significantly affected by year*type interactions. 
Means within the same row followed by the same letter are not significantly 
different at α = 0.05. 
Damaged 
1989 1995 2005 2008 
Predicted rate of spread in 
moisture scenario D1L1 
(m/min) 4.91(0.46)A 2.67(0.51)B 0.59(0.36)C 3.36(0.51)B 
Predicted flame length in 
moisture scenario D1L1 
(m/min) 1.31(0.13)A 0.57(0.14)B 0.21(0.10)C 1.12(0.14)A 
Predicted rate of spread in 
moisture scenario D1L4 
(m/min) 2.20(0.19)A 1.09(0.20)B 0.28(0.14)C 1.28(0.20)B 
Predicted flame length in 
moisture scenario D1L4 
(m/min) 0.86(0.08)A 0.36(0.06)B 0.14(0.06)B 0.66(0.09)B 
Control 
1989 1995 2005 2008 
Predicted rate of spread in 
moisture scenario D1L1 
(m/min) 2.69(0.51)A 2.39(0.56)A 0.28(0.56)B 0.76(0.56)B 
Predicted flame length in 
moisture scenario D1L1 
(m/min) 0.60(0.11)A 0.54(0.12)AB 0.10(0.12)C 0.21(0.12)B 
Predicted rate of spread in 
moisture scenario D1L4 
(m/min) 0.97(0.17)A 1.02(0.19)A 0.13(0.19)B 0.32(0.19)B 
Predicted flame length in 
moisture scenario D1L4 
(m/min) 0.34(0.06)A 0.35(0.06)A 0.07(0.06)B 0.14(0.06)B 
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Mitigation Comparison for Hurricane Katrina 
Downed Woody Fuel Dynamics 
The t-test suggested that 1-hour fuel loads, 10-hour fuel loads, 1000-hour fuel loads in 
salvaged stands were significantly lower than unsalvaged stands (Table 10). Although the 
p-value of 1000-hr fuel is larger than 0.05, but mean fuel weight in unsalvaged stands 
(15.02 tons per hectare) were larger than fuel weight in salvaged stands (8.35 tons per 
hectare). In Wilcoxon test, the p-value is less than 0.05 (p=0.0493). Thus we consider 
1000-hour fuel between the two stands were significantly different. 
 
Regeneration and Tree Recruitment 
The t-test suggested that woody coverages and number of small oak seedlings in salvaged 
stands were significantly lower than those in unsalvaged stands, and herbaceous 
coverages in salvaged stands were significantly larger than that in unsalvaged stands 
(Table 10). The number of tree per hectare, pine tree per hectare, tree recruitment per 
hectare and all other seedlings were not significantly different between the two stands. 
 
Modeled Fire Behavior 
The t-test suggested that the predicted rate of spread and flame length in both moisture 
scenario in salvaged stands were significantly lower than those in unsalvaged stands 
(Table 10).  
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Table 10. Comparisons of the means of fuel loading, regeneration and tree 
recruitment, and predicted fire behavior between salvaged and unsalvaged stands. 
Numbers in parentheses represent standard error. Means within the same row 
followed by the same letter are not significantly different at α = 0.05. 
 Treatment 
 Salvaged Unsalvaged p-value 
1-hr fuel weight ton/ha 0.007(.010)B 0.040(.010)A 0.0429 
10-hr fuel weight ton/ha 0.27(0.15)B 0.77(0.15)A 0.0348 
100-hr fuel weight ton/ha 0.57(0.42)A 1.51(0.42)A 0.1362 
1000-hr fuel weight 
ton/ha 
8.35(2.35)A 15.02(2.35)A 0.0605 
Basal area (m2/ha) 9.90(1.1)A 8.91(1.1)A 0.5372 
DWD height (cm) 1.73(1.26)A 4.59(1.26)A 0.1229 
Litter height (cm) 2.29(0.46)A 1.75(0.46)A 0.4392 
Duff height (cm) 0.41(0.18)A 0.48(0.18)A 0.7739 
Woody coverage % 47.44(4.38)B 61.07(4.38)A 0.0412 
Herbaceous Coverage % 37.08(4.57)A 22.82(4.57)B 0.0403 
Total small seedlings 68.1(21.47)A 32(21.47)A 0.2499 
Total large seedlings 11.5(2.94)A 12.4(2.94)A 0.8313 
Small longleaf pine 
seedlings 
67.2(21.2)A 25.1(21.2)A 0.1775 
Large longleaf pine 
seedlings 
1.8(0.58)A 0.8(0.58)A 0.2409 
Small oak seedlings 0.6(1.1)B 4.0(1.1)A 0.0434 
Large oak seedlings 4.7(1.6)A 4.0(1.6)A 0.7536 
Tree per hectare 47(6)A 46(6)A 0.9545 
Tree recruitment per 
hectare 
4.1(1.4)A 0.7(1.4)A 0.0967 
Pine per hectare 46.6(6.1)A 45.6(6.1)A 0.909 
Pine recruitment per 
hectare 
4.1(1.4)A 0.7(1.4)A 0.0967 
Rate of spread in D1L1 
(m/min) 
0.03(0.25)B 1.16(0.25)A 0.005 
Flame length in D1L1 
(m) 
0.04(0.08)B 0.36(0.08)A 0.009 
Rate of spread in D1L4 
(m/min) 
0.01(0.12)B 0.55(0.12)A 0.005 
Flame length in D1L4 
(m) 
0.02(0.06)B 0.26(0.06)A 0.008 
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CHAPTER FIVE 
DISCUSSION 
Fuel Load Dynamics 
It is impossible to solely discuss the impacts of hurricane without considering all 
the other factors. In the southern pine forest, prescribed fire is widely used to achieve 
multiple management goals (Stanturf and Wade 2002). Among all sampled stands 
affected by hurricanes, only 8 stands damaged by hurricane Hugo were never burned 
since the hurricane, and all the other stands are periodically burned. 
After disturbance, fuel accumulated drastically in a short period, then dropped 
over years, and eventually kept in a balance.  Fine fuels (<7.5 cm) declined through time, 
and reached a balance after 8 years since the hurricane, as there was no significant 
differences in fine fuel between the DO and DK which had a 10 year time span of 
hurricane disturbance. Coarse woody fuels showed the same pattern of dynamics. The 
long term change of CWD in this study reached a balance sooner than the trend modeled 
by Lambert and Lang (Lambert et al. 1980; Lang, 1985). 
In this study, 8 of the 12 DH were excluded from fire since hurricane Hugo. 
Despite having had a much longer period of decomposition, fine woody materials in DH 
were significantly higher than in stands damaged by later hurricane disturbance. 
Compared to DH stands, which was largely not affected by fire,  the process of 
decomposition of CWD was faster in burnt stands of DO, DK and DI. After 18 years, 
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100-hr and 1000-hr fuel load in DO was already lower than in DH, which had a 24-year-
long decomposition process. The comparison showed that large size fuel had faster 
decomposing speed in the periodically burned stands than in fire excluded stands.   Fire 
not only can effectively consume the fine woody materials, but also can reduce the load 
of CWD. As reported by Knapp et al. (2005),  fire can reduce log length, volume and 
mass, thus accelerating the process of decomposition, though fails to consume the entire 
log.  
Fuel loading differed between control and damaged stands. In stands of year 2008, 
DI stands had significantly larger fuel loads in all size classes than CI, indicating that the 
large input of fuel by hurricane was still in the process of decomposing.  In stands of year 
2005, DK stands had significantly larger 1000-hr load than CK. In stands of year 1995, in 
the four size classes, DO only had significantly larger 1000-hr fuel load than CO. These 
comparisons indicates that after hurricane, while fine woody materials are decomposed 
quickly, CWD always needs longer time to be decomposed despite the periodic 
prescribed burning. In stands that were damaged by hurricane Hugo 24 years ago in 1989, 
DH still had significantly greater fuel loads in all size class than CH, suggesting that the 
heavy fuel loading produced by hurricane requires a few decades to be completely 
decomposed without fire. With prescribed fire, the heavy fuel load created by hurricane 
would be consumed and decomposed within 18 years except for 1000-hr fuels. 
Forest floor depth also differed between control and damaged stands in the study. 
There were significant difference in downed woody debris depth between control and 
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damaged stands for year 1989, 2005 and 2008. However, only Hurricane Hugo stands 
showed significant difference in litter and duff. A possible explanation is that although 
periodic burning would consume the fuel within forest floor, the breakdown of large size 
logs would act as a source of fine fuel input over a long time. Large size logs broke into 
pieces of wood chips, increased the mean woody fuel depth. 
 
Regeneration Dynamics in Hurricane Damaged Forests 
As hurricanes destroyed the majority of the canopy, the gaps created by them will 
promote the regeneration of shade intolerant species (McGuire et al. 2001). However, the 
periodic burning may somehow increase the difficulty on predicting the succession 
pattern after hurricane. 
In our study, there are evidences that hurricanes could encourage regeneration. In 
CNF and DSNF, longleaf pine is the main component of local forest. In DSNF, there 
were more small and large longleaf pine seedlings in damaged plots than in control plots. 
Also, even though the number of seedlings was significantly lower, DH had a 
significantly larger number of tree recruitment after hurricane. This result is expected 
because after the disturbance, forests have the ability to recover from the impact 
(Everham and Brokaw 1996). The increasing number of seedlings is the positive reaction 
to hurricane damage, and this new cohort of trees will grow up from understory if the 
regeneration was not killed by fire. 
68 
 
 
 
However, periodic fire may have impaired the effect of hurricane on regeneration 
in those stands that were burned periodically. Stands of year 1995, 2005 and 2008 were 
conducted with prescribed burning regularly. For total small seedlings, there was no 
significant difference between damaged and control stands in these years. For total large 
seedlings, there was no significant difference between damaged and control stands in 
year of 1995. It cannot be neglected that even though hurricane can provide the chance 
for recruitment, periodic fire may have determined the recruitment pattern in these stands 
by weakening tree regeneration to a low level. Oak seedlings which are susceptible to fire 
are firstly top-killed and then sprout back from root collar (Brose and Van Lear 1998). 
Pine seedlings as loblolly pine, slash pine and shortleaf pine are not as fire tolerant as 
seedlings of longleaf pine. As a result, fire would potentially kill seedlings or weaken the 
growth. 
The significantly differences in seedlings between DH and CH and between DK 
and CK require further explanation. Both large and small seedlings were lower in DH 
stands than in CH because, after 24 years, the saplings had already occupied available 
gaps created by hurricanes, prevented subsequent establishment of seedlings. Also, even 
though periodic fires weakened the growth of seedlings, they still promoted the sprouting 
in CH and resulting in the differences of seedlings in these two stands. In DK and CK, 
the major pine species is longleaf pine. Unlike other species, the regeneration of longleaf 
pine relies on low intensity periodic fire (Stanturf and Wade 2002). Not only Hurricane 
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Katrina provided a good chance for new regeneration, but also the periodic fire created an 
ideal environment for longleaf pine seedlings.  
Unlike stands of the year 2005, DO and CO stands had no significant differences 
between damaged and control stands. The possible reason is that the hurricane Opal is not 
as strong as hurricane Katrina, gap in the overstory was not as large as in DK. Brockway 
and Outcalt (1998) found that number of seedlings was significantly fewer within 12m of 
adult trees. In addition, McGuire (2001) suggested that the gaps in overstory might 
increase the establishment of seedlings, rather than elevating the survival rate of 
seedlings. It is reasonable that the initial number of established longleaf pine seedlings 
was large but decreased through time due to competition. 
In stands of the year 2008, the number of large seedlings in control stands was 
significantly larger than in damaged stands. Sweetgum (Liquidambar styraciflua) is the 
main species that caused the difference, and lack of seed resource in the damaged stands 
would possibly be one of the explanations for the lower sweetgum abundance. Another 
possible explanation is that small seedlings require longer time to grow into large 
seedlings. 
Woody and herbaceous coverage varied among forests. In Hurricane Hugo and 
Ike control stands, woody coverage was significantly larger than damaged stands. But 
there was no significant difference between damaged and control stands for woody 
coverage in Katrina and Ike stands. The lower woody coverage in DH may cause by the 
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higher sapling basal area. The significantly higher saplings basal area in DH indicating 
that understory woody species were out-competed by the saplings which occupied most 
available space and resources created by hurricane.  The absence of fire may also 
contribute to failure of understory woody species. The similarity in woody coverage in 
Opal and Katrina indicated that periodic fire had a stronger influence on understory 
woody coverage than hurricane impact. In theory, hurricane impacts would encourage the 
development of understory species (McGuire et al. 2001). However, for hurricane Ike, 
woody coverage of DI stands was significantly lower than CI. In hurricane Ike stands, 
most of the seedlings were oaks and other hardwoods, which were intolerant to shade. 
Then it was possible that even in control stands, the canopy already had enough gap for 
regeneration. 
In stands of year 1995, 2005 and 2008, damaged stands had significantly higher 
herbaceous than control stands. In stands of year 1989, where damaged stands and 
control stands had similar basal area, herbaceous coverage was not significant different 
between damaged and control stands. The difference indicated that hurricane can 
encourage the development of herbaceous plants, and prescribed fire can strengthen the 
effects of hurricane by weaken the growth of woody plants. 
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Post Hurricane Impact on Predicted Fire Behavior 
In both moisture scenario D1L1 and D1L4, the results of fire behavior 
comparison were the same for each year. There was no difference between damaged and 
control stands in the year 1995 and 2005. DH and DI had higher rate of spread and flame 
length than CH and CI, respectively.  In stands of the year 1989, different managements 
after hurricane could be the main factor that caused the difference in predicted fire 
behavior between damaged and control stands. In stands of the year 2008, the difference 
in predicted fire behavior may come from the down woody debris that was not subject to 
longer time of decomposition or consumption during previous prescribed fires. 
To evaluate predictions from BehavePlus, fire behavior data from hurricane Hugo 
was acquired.  Wade et al. (1993) conducted a series of observations on fire behavior in 
post hurricane stands. Those stands were defined as light, medium, heavy fuel plots. In 
our study, DI and DH, which had the heaviest fuel loads, could only be ranked as light 
fuel plots as in Wade et al. (1993). The modeled fire behaviors in moisture scenario 
D1L1 for DH and DI are similar as in those observations. The moisture scenario D1L4 
was selected to model fuel moisture in growing season. Accordingly, the modeled fire 
behaviors in moisture scenario D1L4 for DH and DI are lower than those observed. We 
could not test the accuracy of fire behavior model for CH, DO, CO, DK, CK and CI, due 
to they had even lower fuel loads than the light plots of Wade et al. (1993). However, 
periodic burning with a short interval will lead to a low fire intensity (Hiers et al. 2009). 
Therefore, the modeled fire behavior appears acceptable, because with the similar fuel 
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load, the modeled fire behaviors are similar to those observed. Moreover, comparing to 
the annual and biennial prescribed fire behavior data in Glitzenstein et al. (1995), the 
predicted fire behavior was lower, due to the  lower fuel loads. It will be safe to say that 
the stands sampled in this study will not cause dangerous situation with prescribed fire is 
conducted. 
Within the chronsequence, in either moisture scenario, there was no clear 
variation tendency on either rate of spread and flame length. The year 2005 had the 
lowest rate of spread and flame length in both scenarios. The expected tendency that both 
rate of spread and flame length decrease with time since hurricane was not observed, 
which may be attributed several factors. First, the prescribed fire is regularly conducted 
in 1995, 2005 and 2008 hurricane damaged stands. However, 2/3 of the damaged stands 
in 1989 were not burned since the hurricane. Compare to burning, decomposition without 
fire was extremely slow. Thus, large amount of remained woody debris raised the 
predicted fire behavior. Also, the length of time since last prescribed fire was also very 
important. The longer the time, the more accumulation of both dead and live fuels.  
Lastly, the five study sites were impacted by four different hurricanes, it was impossible 
to select plots which are all in the same condition. The inherent differences prior to the 
hurricane may explain why the actual tendency is different from the prediction. 
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Impact of Mitigation on Fuel Dynamics, Regeneration, and the Predicted Fire 
Behaviors 
Mitigation treatments, including salvaging downed trees and prescribed fire, will 
greatly reduce the fuel load (Brown et al. 2003). In salvaged stands, not only 1000-hr fuel 
load is significantly lower than unsalvaged stands, 1-hr and 10-hr fuel load is 
significantly lower as well, probably because that, even the prescribed fire consumed 
most of the fine fuels, the coarse woody debris can act as a source of fine fuels as they 
gradually decompose over time. However, there is no difference in 100-hr fuel. One 
possible reason is that due to the periodic burning, 100-hr fuel broke down and then 
contributed to 1-hr and 10-hr fuel loads.  
Mitigation may change the ecosystem processes and population of species 
(Lindenmayer and Noss 2006). Greene et al. (2006) reported that salvage logging would 
reduce the regeneration density due to seed resource had been moved away. However, no 
significant difference in seedlings of climax species was found between unsalvaged and 
salvaged stands. In fact, more longleaf pine seedlings were found in salvaged stands. 
Possible explanation is that there were enough longleaf pine seed trees left and mitigation 
process offered better seedbeds. 
Given the same environmental variables, fine fuels, including 1-hr, 10-hr, and 
100hr fuels, mainly decide the predicted fire behavior. In salvaged stands, due to there is 
significantly lower 1-hr and 10-hr fuel load, the predicted fire behavior in salvaged stands 
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is not as intense as in unsalvaged stands. However, even the unsalvaged stands had a 
higher mean of predicted fire intensity, the fire intensity is still low due to these stands 
are subjected to prescribed burning regularly. Thus, even in unsalvaged stands, it is safe 
to say that the stands will not cause dangerous situation with prescribed fire. 
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CHAPTER SIX 
CONCLUSION 
After hurricanes, fuel load was significantly elevated in the post-hurricane 
damaged stands compared to undamaged stands. The elevated fuel loads of all size 
classes in damaged stands diminished over time, with smaller size classes diminished 
faster. Although down woody materials diminished over time, litter and duff depth kept 
relatively stable due to prescribed burning.  The higher fuel loads in all size classes for 
hurricane Hugo were caused by the absence of prescribed burning, suggesting that 
prescribed burning, especially when combined with salvage, can greatly reduce the 
potential fire hazard after a hurricane. 
Hurricane could encourage regeneration, but in our study, prescribed burning may 
have an even stronger impact on regeneration. In coastal longleaf pine ecosystems, a 
powerful hurricane with prescribed fire can promote the regeneration of longleaf pine. 
However, in loblolly pine forests, the absence of prescribed fire lead to elevated loblolly 
pine recruitment. To restore the forest successfully after a hurricane, management such as 
prescribed fire should be conducted after fully understanding the goal of restoration: 
whether to bring back the original climax species or introduce a different ecosystem. 
In our study, referring to the observation of fire behavior, the modeled fire 
intensity is mild regardless of the hurricane years. Prescribed fire contributed to reduced 
fire hazard. In BehavePlus, when some variables required in the model are not available, 
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the fire model Southern Rough (value 7) can appropriately assist to predict the fire 
behavior in most coastal pine stands, especially longleaf pine stands which are well 
managed. 
Mitigation after hurricane, such as salvaging and prescribing fire, can reduce the 
fuel load and thus reduce fire hazard. Unlike other studies that reported that mitigation 
impacted the regeneration of local climax species, the longleaf pine regeneration was not 
significantly impacted by mitigation in our study. Mitigation including salvaging and 
prescribed burning can be taken as a strategy to restore longleaf pine forest after 
hurricane while reduce fire risk at the same time. 
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